Background: Presbycusis is defined as the hearing loss that occurs with aging. Genes that are responsible for this clinical condition have still not been identified. The present study explores gene discovery for age-related hearing loss using the CBA/CaJ mouse model of age-related hearing loss.
Introduction
Presbycusis, or hearing loss due to aging, involves genetic, cellular, and systems-level changes in the auditory part of the inner ear, ie, the cochlea, and the parts of the brain used for hearing, ie, the central auditory system. 1, 2 Presbycusis occurs in all mammalian species, including humans, and is the most prevalent communication disorder and one of the top three most common chronic medical conditions of the aged.
However, the mechanisms underlying changes in gene expression due to aging in the cochlea remain unresolved. Several auditory studies have examined the effects of altering levels of specific molecules, including neurotransmitters and their agonists and antagonists, aiming at understanding the synaptic changes that accompany agerelated hearing loss. Indeed, some of the physiological effects of gamma amino butyric acid blockade activity, particularly in the central auditory system, resemble the negative effects of aging on auditory processing. [3] [4] [5] [6] [7] [8] However, the structural and functional aspects of hearing loss due to age (over a longer period) are likely to be mediated by transcriptional changes in a complex set of genes, including some from those used to form the organ of Corti during development, or related to other neurodegenerative diseases of old age. The identity of such genes and how they are regulated with age is currently unknown for the aging auditory system.
Although some of the genes in the cochlea and central auditory system associated with critical developmental periods have been discovered, 9 there are only a few studies identifying sets of genes that are upregulated or downregulated in the aging auditory system. [10] [11] [12] [13] Using a novel multivariate search, Xiao et al identified 10 probe sets exhibiting changes with age, of which six were functionally related to the immune system, three to post-translational protein modifications, and one to mammary gland function. 14 In the present report, DNA microarrays were utilized to examine large-scale changes in gene expression in the aging cochlea of the CBA/CaJ mouse, using quantitative analyses of single genes as well as computational analyses of gene sets. CBA mice have proved to be a very useful model for studying age-related hearing loss, including a recent investigation where it was shown that mice combine pathology of hair cells, neurons, and stria with associated endocochlear potential decline. 15 The latter two are more pronounced, and in females these cochlear pathologies accelerate after menopause. Hearing loss was measured by auditory brainstem response (ABR) thresholds and distortion-product otoacoustic emission (DPOAE) levels. These physiological measurements of hearing, age, and gender were used as covariates to assess the usefulness of gene expression in a microarray-based discovery approach. It was of interest to identify features (gene expression changes) that characterize presbycusis, but also to know their additional predictive value for key characteristics of the phenotype. We explored the effects of adjusting for functional hearing measurement on the association between hearing status and gene expression. The data analysis tool, partial least squares (PLS), [16] [17] [18] combined with random forest (RF) procedures, were used to determine the effect of variations in gene expression based on top PLS components.
PLS is a useful technique when the number of predictors (probe sets on the gene microarray, about 22,000) is much larger than the number of observations (samples, number of mice, or replicates of 40). Compared with the classical least squares methodology, PLS is an appropriate method when predictors such as probe sets are highly correlated. It summarizes gene expression via dimension reduction. The outcome is a small number of factors (usually two), which is a linear combination of the original predictors that have maximum correlation with the dependent variable (hearing status).
RF is an artificial intelligence method that has the same listed property as PLS. It is a valuable technique to rank genes by taking into account the interaction effect among genes in the genome. Simulation studies show that when more interactions are present in the data, RF outperforms a univariate method, does not overfit the data, and does not rely on fine tuning parameters to achieve excellent performance for a particular experiment. It returns several measures of variable importance. For the present study, the average reduction in the accuracy of the class votes was selected. 19 RF has shown performance comparable with other classification methods such as the support vector machine and many neural networks, and identifies the smallest possible set of variables (excluding redundant variables) that achieves good predictive performance. In the present investigation, RF determined which genes are likely to be important predictors of hearing loss. A combination of the PLS and RF approaches provides an assessment of the usefulness of gene expression in a biological classification approach. However, for practicality and specificity, we additionally applied RF alone to search for genes/functional hearing measurements that distinguish between subject groups with good hearing and with hearing loss.
Methods subjects
Animal subjects and laboratory procedure details were the same as our previous microarray investigations. 11, 12 CBA/CaJ mice were bred in-house according to the University of Rochester Animal Use Committee protocols. Original breeding pairs were obtained from Jackson Laboratories (Bar Harbor, ME). All animals had similar environmental and nonototoxic histories, being raised together in a relatively quiet, dedicated vivarium room. All mice had their ear canals and tympanic membranes (very thin/transparent in the mouse) inspected with an operating microscope prior to inclusion in the study, and all were normal. mice with mild presbycusis, and old-aged mice with severe presbycusis. In this study, the main interest was not in single genes but rather in a group of genes associated with a pathway or having a common location in the genome, so a differential gene expression between different conditions may be better performed using a global test to avoid multiple testing problems. Global analysis of covariance (Bioconductor Package) was used for global testing of differential gene expression between the groups. To avoid alpha inflation due to correlated data and the effects of non-normality, tests for significance of the resulting F ratios were performed using permutations. This suggested that the overall gene expression profile for all genes was associated (P = 0.0215) with hearing status using two groupings, ie, middle-aged mice with good hearing and young controls, and old-aged mice with mild presbycusis and severe presbycusis. Thus, in the statistical analysis, two groups of mice were used, with DPOAE amplitudes and ABR threshold measurements being similar for the mice in each group. Table 1 shows the age of the mice at the time of testing, the averages and standard deviations of ABR threshold, and DPOAE levels for each group at representative frequencies. As for most aspects of aging, the results show a larger spread of hearing measurements for the presbycusis group. There were 25 mice with good hearing (56% female) and 15 mice with presbycusis (57% female).
cochlea isolation
Tissue isolation, RNA preparation, cDNA synthesis, GeneChip target hybridization, washing, staining, and scanning were performed in the same way as in our previous reports. 10, 12, 25 Microarrays (MOE430A) were purchased from Affymetrix (Santa Clara, CA), and each chip contained 22,690 unique probe sets (information available at http:// www.affymetrix.com). Oligonucleotide identifiers were 25 nucleotides in length, and centrally positioned with a nine probe set of perfect match and mismatch rows designed with Mus musculus (mouse) RefSeq sequences. Each array had 14,484 full-length transcripts, 9450 transcripts of nonexpressed sequence tags (excluding full length) and 21,103 transcripts from expressed sequence tags with strong evidence of polyadenylation. The sequence selection region was a 600 base pair area selected from the consensus, with regions based on strong evidence for polyadenylation, a full-length 3' end, and consensus sequence ends (locus link database http://www.affymetrix.com).
normalization of microarray data
Hybridization intensities for each chip were scaled in comparison with young adult controls (eight chips). Intensity values were normalized using the robust multichip average. 26 This strategy fits a robust linear model at the probe level and tends to include low intensity perfect match signals relative to mismatch signals.
rnA and cDnA synthesis for relative real-time Pcr
As in our previous published reports, total RNA was obtained from samples retained from the original microarray experiments. [10] [11] [12] [13] Using the NuGen kit Protocol according to the manufacturer's instructions (http://www.nugeninc.com/ nugen/), 5 ng was reverse transcribed to cDNA.
Taqman primer/probes for relative real-time Pcr
Taqman primer/probes (ABI, Applied Biosystems Inc, Framingham, MA) were used to confirm the microarray data. The probes were tagged with a fluorescence dye (FAM) for passive fluorescence (ROX). Relative real-time PCR analysis of samples from the GeneChip experiments, as described by Livak and Schmittgen, 22 were done on triplicates of each sample on an ABI 7500 thermocycler (PE, Applied Biosystems) with a TaqMan universal master mix (ABI). The following PCR profile was applied: incubation for 2 minutes at 50°C, then initial denaturation at 10 minute s at 95°C, followed by 50 cycles of denaturation for 15 seconds at 95°C, and 1 minute of annealing at 60°C.
statistical analysis
Analysis of microarray data combined with functional hearing measurements Two groups were used for the analysis based on the significant association between the gene expression profile for all genes [16] [17] [18] It extracted two components, ie, a linear combination of probes. The RF variable importance measure then ranks the two components and the hearing measurements. To identify the important probe sets in these linear combinations, differentiating gene hearing status, RF alone was performed using the variable importance measure output. This algorithm contains a cross-validation step which states a priori that there is no need to divide the microarray data into two sets, ie, a training set and a test set. However, for fair evaluation of the classifier, at each cross-validation run, samples of mice were randomly split into train and test sets, and assigned a class label (hearing status) within each set, using two splitting ratios. Two usual choices of size ratios between the two sets were utilized, ie, 2:1 and 4:1.
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For example, in a ratio of 2:1, one third of the samples were randomly selected for a test set with two class labels. With bootstrap sampling, the indices of samples included in each set were randomly selected for replacement with specific probabilities corresponding to the split ratio. One third of the original data were left out of the sample when the ith tree was constructed. These out-of-bag (OOB) data were used to obtain an unbiased estimate of the classification error for the ith tree. The error rate was estimated using cross-validation of the OOB samples in the test set that was not used for constructing the classifier. We selected the mean decrease in accuracy measure to rank the importance of variables (probe sets and hearing measurements) in terms of prediction. This measure determines how variable importance contributes to prediction accuracy. The algorithm works as follows: for each tree, the values of the mth variable are randomly rearranged for the out-of-bag set; it then puts this permuted set further down the tree, and gets new classifications for the forest. The mean decrease in accuracy is the difference between the OOB error rate for the randomly permuted mth variable and the original OOB error rate.
Differentially expressed genes
To detect differences in gene expression between mice with good hearing and mice with hearing loss, ie, presbycusis, the moderated t statistic from the Limma was used. 23 This method combines classical linear models with Bayesian inference for assessing statistical significance. The moderated t statistic makes a more stable estimate of gene-specific variance by using information about variability across all genes. This technique avoids the problem of artificially reduced variance estimates for genes that show high reproducibility by chance alone. The Bayesian approach to variance estimation allows one to analyze unbalanced experimental designs and small sample size with Limma. A false discovery rate equal to 1% for multiple testing corrections was used following the Benjamini and Hochberg method. 24 Probes were ranked by their adjusted P values in ascending order.
Pathway analysis
Not all genes have been annotated in currently available databases or pathway annotation lists. Pathway names and constituents are not always the same, and sometimes overlap. Moreover, there are genes in the microarray of the present study that are not yet classified in a pathway. Thus, we considered three pathway analysis tools for comparison and consistency of results. These were: tool 1, a pathwaybased classification using random forests; tool 2, GOstats, a bioinformatics tool for gene ontology term association, developed in Bioconductor for the Gene Ontology Consortium database; 25 and tool 3, the SigPathway package. 26 For tool 1, the pathways are from gene ontology, KEGG, BioCarta, GenMAPP, and manually curated sources. Important ranked pathways are identified through the OOB estimates of classification error. The default cross-validation in the RF algorithm assesses the error rate.
An advantage of tool 2 (GOstats) is that it allows users to select a specific level of abstraction or biological process. Tool 3 is an extension of the gene set enrichment method. 27, 28 It has been shown to be very efficient for finding powerful gene sets for contrasting phenotypes. The pathway annotations are curated from gene ontology, KEGG, BioCarta, BioCyc, and SuperArray. The analysis has two objectives, ie, to test if a gene set shows a significant pattern of association with the phenotype compared with the rest of the genes, and to test if a gene set contains a high proportion of genes with expression levels associated with the phenotype of interest. Differential expression of each gene set was assessed using two test statistics, ie, near-threatened and not evaluated, defined as follows. Near-threatened (where gene labels are permuted) measures the strength of association with hearing status of a given gene set compared with other gene sets. 
111
Upregulated genes in age-related hearing loss ranks the gene sets based on average rank-order of nearthreatened and not evaluated values. Given that the goal is to minimize false positives, both rank orders are required to be high. To adjust for multiple testing, the output also includes a statistical significance for each gene set with a q value (false discovery rate). The first two tools employ the whole genome and do not need any gene preselection.
Promoter analysis
Promoter analysis was done with Genomatrix software (v 2.3; Genomatix Software GmbH, Munich, Germany) using the top four genes discovered in the present Gene-Chip study, namely Ctss, Csnk, Mpeg1, and Clecsf12 in M. musculus (mouse). A number of conserved transcription binding sites were predicted, using the Genomatix tool, DiAlign. The DiAlign transcription factor task of the GEMS Launcher was used to check for conserved transcription factor binding sites from six species, ie, Homo sapiens, Pan troglodytes, Macaca mulatta, Canis familiaris, Bos taurus, Rattus norvegicus (Matrix Family Library, Version 8.0, Vertebrates; Genomatix: 690 matrices from 162 families), and the predicted transcription factor module was MYOD_VTBP_01 in the Ctss gene and transcription factor module MYOD_SRFF_01 in the Csnk gene of the present investigation. The promoter is conserved in six species (H. sapiens, P. troglodytes, M. mulatta, C. familiaris, B. taurus, and R. norvegicus), and this promoter codes for 1-6 relevant transcripts in the Ctss, Csnk, Mpeg1, and Clecsf12 genes.
Results

statistical analysis changes in gene expression in aging mice
Global analysis of covariance indicated that the overall gene expression profile is associated with hearing status using a binary grouping (hearing versus nonhearing, P = 0.0215). The comparison with two groups yielded 89 differentially expressed genes ranked by B statistics at a false discovery rate of 1%. The moderated t statistic, computed in a linear model for microarray (Limma), assessed statistical significance for gene expression data. It represents the log odds that the gene is differentially expressed between the two groups. A high moderated t statistic indicates strong evidence of differential expression. For each gene, a log 2 fold change, a point estimate of the differential expression, was also obtained. The present microarray data analysis confirmed the identification of four probe sets as upregulated with age and hearing loss, ie, Ctss (Cathespin), Csnk (casein kappa), Mpeg1 (macrophage-expressed gene 1), and Clecsf12 (C-type calcium-dependent carbohydrate recognition domain lectin, superfamily member 12). These probes form a set of overlapping probes from previous approaches ( Figure 1 ).
cross validation of the class prediction
The following were available at the time of testing: age in months for ABR (ABRAge) and DPOAE (DPOAEAge), average ABR thresholds for sound frequencies covering the mouse range of hearing (3, 6, 12, 24, 32 , and 48 kHz), and DPOAE levels for representative frequency bands appropriate for mouse audition (low, middle, and high, see Table 1 ). These predictors were used as covariates when PLS and RF combined was run with different seeds (PLS optimized with two components). Each optimal component represented a linear combination of probes. The error rates for the test set were 0%. The first PLS component (the most informative one) was ranked as high as the covariates that were also assessed as good predictors (error rate = 0%) of hearing status in a model only using covariates. Results showed that the variable importance rank depends on the basis of splitting. Using the ratio 2:1, the first component was ranked as second in importance to DPOAEAge. Four probes were ranked as important as age. For the ratio 4:1, the first component ranked below ABRAge and DPOAEAge, but was more important than the other covariates. This result showed that gene expression was a potential significant predictor of hearing status. To identify the specific genes competing with the covariates, the RF method was run alone. There were 22 females and 18 males in the entire study. Gender was found to be a weak predictor. When several runs with the same parameter settings were performed with different seed values, with only the covariates, the error rate was 2.63%. The analyses revealed the following ranking of subject characteristics (from most to least important): DPOAEAge 32 kHz; ABRAge 48 kHz, 12 kHz, 24 kHz, 6 kHz, and 3 kHz; and gender.
The following scenarios for predictors were considered in two different models, ie, a model with only probe sets (Model 1) and a model with probe sets, age, gender, and hearing measurements (Model 2). In Model 1, the classification gave satisfactory results (with a small error rate) showing that the microarray data exhibited a good relationship with hearing status. The outcome from Model 2 suggested that the microarray data were weaker than other subject data as a predictor of hearing status, but not redundant. There were several gene probes that stood out as being as important as the phenotypic hearing measurements.
For a better estimate of the error rate, labels were permuted 10 times, giving different training and test sets for each splitting 
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Tra et al ratio. The error rates were obtained after removing three outliers. The mean error rate (average proportion of misclassified test observations) and standard error for Model 1 and Model 2 were computed ( Table 2 ). The results indicated that gene selection had a lower error rate using the latter model. With Model 2, and a splitting ratio of 2:1, the following 10 genes were selected by RF, in order of importance based on mean decrease of accuracy: Mpeg1 ( macrophage-expressed gene 1), Ms4a6d (membranespanning 4-domains, subfamily A, member 6D), Clca1 (chloride channel calcium-activated 1), Ctss (cathepsin S), Bcl2a1a (B cell leukemia/lymphoma 2-related protein A1a), Clecsf12 (C-type [calcium dependent, carbohydrate recognition domain] lectin, superfamily member 12), Cxcl13 (chemokine [C-X-C motif] ligand 13), Fcgr3 (Fc receptor, IgG, low affinity III), Cd68 (CD68 antigen), and H2-K1 (histocompatibility 2, K1, K region).
An additional search for interesting genes was made using the P value and fold-change threshold. A set of 33 genes (P , 0.0001 and fold-change .1.55, see Table 3 ), were . Key genes identified from three different statistical analysis are: CathepsinS (Ctss) upregulated in all age groups, casein kappa (Csnk) upregulated in mild and severe presbycusis and down regulated in middle aged mice, Macrophage expressed gene 1 (Mpeg1 -no primer/ probes were available at the time of the investigation), and c-type calcium dependent sugar recognition protein (Clecsf12) which was upregulated in all age groups when compared to young adult mice with good hearing. Abbreviations: AnOVA, analysis of variance; Limma, linear models for microarray data; rMA, robust multi-chip analysis. extracted and ranked. Among them, 30 genes had positive log-fold changes, thus indicating overexpression of these genes with age and hearing loss, and three genes were downregulated ( Figure 2) . A strong association between these genes (Table 3) and presbycusis is displayed, in order of statistical significance.
Pathway analysis
To determine possible molecular mechanisms underlying presbycusis, pathways analysis was conducted. The first analysis was done with a random forest algorithm (PathwayRF), a pathway-based classification for understanding biological significance in high-throughput gene expression studies. Three outliers were detected. To identify important pathways, 538 pathways from different sources with at least two genes in each pathway were investigated. 
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Upregulated genes in age-related hearing loss matrix shows that the two groups were well separated based on the B lymphocyte pathway (used for illustration) with a 0% OOB rate. When the probes in this pathway were ranked by their t statistic value, four probes were well separated by hearing status, ie, (Ptprc) protein tyrosine phosphatase, receptor type C, (Icam1) intercellular adhesion molecule, (Itgb2) integrin beta2, (Fcgr2b) Fc receptor, IgG, low affinity. After 15 runs with the same parameters and different seed values, there were seven genes that appeared frequently among the most important genes ranked by RF, ie, Clec4d, Fcgr2b, Mpeg1, Fcgr3, Bcl2a1a, Ctss, and Htr2b. They were ranked as importantly as age based on the mean decrease in accuracy. By several measures, the most significant upregulated gene in mice with severe presbycusis is Clec4d. This gene was not annotated in any of the gene set categories used for PathwayRF. However, it is annotated with SuperArray and implicated in dendritic antigen presentation and sugar binding with the sigPathway. The next gene, Fcgr2b (upregulated with age and hearing loss), is implicated in numerous pathways, including a pathway named cell surface, dendritic-antigen presenting cells, and regulation of immune response. It is included in the B lymphocyte pathway, caloric restriction immune function, normal MPD ben, and KRAS final MIT with PathwayRF. Upregulated Fcgr3 is also involved in several pathways, including antigen presentation, chemotaxis, and the inflammatory response. It was also found that Fcgr3 is implicated in SA_MMP_Cytokine connection (PathwayRF), also called cytokine production in sigPathway.
Gene ontology analysis was carried out with the GOstats package in Bioconductor.
Overrepresented annotations in the analyzed list of genes were extracted from the gene ontology database. For the biological process ontology, the gene universe contained 4461 genes mapped to ENTREZ genes. A simple t-test identified 378 differentially expressed genes with P values less than 0.01. The gene ontology analysis includes enhancement of several biological processes, including immune response, chemotaxis, antigen processing and presentation of peptide antigen via the major histocompatibility complex class, and phagocytosis engulfment.
The last pathway analysis tool was applied, for similarity and complementary information. It is an improvement of the gene set enrichment method implemented in the SigPathway Bioconductor package. This tool did not use any gene preselection. It assessed the differential expression of each gene set with respect to hearing loss status between all gene sets and within each gene set. The control probe sets were removed, nonspecific filtering was done (interquartile range , 0.25) and the same three outliers (detected from PathwayRF) were excluded from the analysis. Gene set categories having a minimum of 20 genes and a maximum of 500 genes were searched and the top pathways were found. A strong statistical differential expression of these gene sets was confirmed, with high near-threatened and not evaluated values along with corresponding q values. These data characterize numerous pathways that may play a role in Table 4 Important pathways identified using the random forest method ranked by out-of-bag error rates of # 5.26% without outliers Multidimensional scaling plot of the cochlea of the cBA mouse for B lymphocyte pathways. coordinate 1 displays the proximities and coordinate 2 displays the distances among samples (n, good hearing group; P, age-related hearing loss group). The two groups were well separated. 
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Upregulated genes in age-related hearing loss presbycusis, ie, they involve genes, the expression of which is significantly different between the two groups ( Table 5 ).
The top pathway involved antigen-presenting dendritic cells, which are believed to be involved in autoimmune disease and neuroinflammatory disorders. In each gene set, on average, 40% of the genes change expression with presbycusis and the majority of the gene sets are upregulated (indicated by a positive near-threatened and not evaluated statistic). In the SigPathway method, "percent up" indicates the percentage of genes in the set that were more greatly changed by presbycusis in the nonhearing group. The analysis indicated a major disturbance (downregulation) of heat shock protein binding (81% percent up), whereas GTPase regulator activity (77% percent up) increased with presbycusis. The majority of gene sets differentially expressed were related to immune function, such as traditional antigen-presenting cells, proteinases involved in inflammatory disease, and immunoinhibitory receptors. Each gene found differentially expressed with Limma analysis was listed in at least one of the 32 top gene sets.
Confirmation of array probe set by relative real-time Pcr
We compared the microarray expression levels of a subset of genes with results from an independent measure of gene expression using relative real-time polymerase chain reaction (PCR) derived from the same RNA, but independent cDNA from those used for the microarrays (Figure 2 ). The four categories of mice based on age and hearing ability were considered. When comparing aged mice with severe presbycusis and the young controls, the genes found to be important from the statistical analysis were significantly upregulated (P , 0.001), with fold-changes at least 2.0 (above) or -2 (below) relative to the young control group. As shown in Figure 2 , relative real-time PCR analysis of the reverse transcribed RNA of six probe sets showed that all age groups in each probe set conformed to the direction of the GeneChip gene expression. In six probe sets used for real-time PCR, basically three patterns of fold-change was observed, either all age group gene expression increased or decreased or there was a mixture of increase and decrease in the same probe set. Cyclin D2 was downregulated in all age groups. Ctss and Clecsf12 were upregulated in each age group. RIKEN cDNA 5031436003 (Dusp3) was downregulated in middle-aged mice with good hearing and old-aged mice with mild presbycusis, and upregulated in severe presbycusis. Csnk and Lysozyme were downregulated in middle-aged mice with good hearing, and were upregulated in old-aged mice with mild presbycusis or severe presbycusis when compared with young adults with good hearing. Notably, the genes included encoding proteins that are usually implicated in the extracellular space, hydrolase and antimicrobial activity, polysaccharide (zymosan) receptorbinding activity, and cysteine-type endopeptidase activity. Finally, genes that are upregulated in the aged mice with mild presbycusis and severe presbycusis groups (Csnk and Lysozyme) are associated with peptidase activity molecules connected with cellular reorganization. Overall, these data suggest increased activation of a wide range of cellular cochlear components in older age groups when compared with young adult controls with normal hearing. On the other hand, cyclin D2, a gene associated with regulation of the cell cycle and cytokinesis, was downregulated in middle-aged mice with good hearing, as well as aged mice with mild presbycusis or severe presbycusis when compared with young controls.
A dendogram was constructed to help integrate and summarize the findings. It is noted that the set of genes in the dendogram overlaps with the 10 genes from Model 2 (splitting ratio 2:1) and the 89 genes from the Limma analysis (Figure 4) . The dendogram on the side was obtained from an agglomerative complete linkage algorithm using Euclidian distance ( Figure 5 ). 
Promoter sequence analysis
A promoter module is defined as a functional unit consisting of two or more transcription factor-binding sites conserved in both order and distance. Promoter analysis of the Ctss, Csnk, Mpeg1, and Clecsf12 mouse genes was performed using Genomatix ElDorado TM , as described by Chen et al. 29 Interestingly, all four top genes in the present study which alter their expression with age-related hearing loss have the same GXP promoter. Promoter GXP, which consists of about 600-800 base pairs, is located at GXP_161004 in the Ctss gene, promoter GXP 152047 in Csnk, promoter GXP_304631 in Mpeg1, and promoter GXP_438841 in Clecsf12. Furthermore, the DiAlign transcription factor task of the GEMS Launcher (MatInspector) 30 was used to check for conserved transcription binding factors from six species. In the present investigation, this analysis predicted transcription factor module MYOD_VTBP_01 in the Ctss gene and transcription factor module MYOD_SRFF_01 in the Csnk gene. This promoter is conserved in six species and codes for 1-6 relevant transcripts in the Ctss, Csnk, Mpeg1, and Clecsf12 genes.
Discussion
Previous analyses
We used DNA microarrays and quantitative PCR to examine gene expression profiles in aging CBA/CaJ mice raised under normal conditions. Although a good model of the typical time course of progression of presbycusis, no animal model 
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Upregulated genes in age-related hearing loss can capture all aspects of cochlear presbycusis and aging of the central auditory system. In addition, the novel findings reported here for new genes that may be involved in cochlear presbycusis can serve as a useful guide for geneticists in search of human genes that may predispose to, accelerate, or protect aged individuals against severe age-related hearing loss.
A previous report analyzed the same microarray data using a novel multivariate search for differentially expressed genes where two-sample hypotheses were formulated to test the joint distribution of the subvector of expression signals. 14 The outcome of this analysis resulted in identification of 10 probe sets (as shown in the Venn diagram of Figure 1 ). For the sets exhibiting major expression changes with age, six probe sets were functionally related to the immune system, three to post-translational modification, and one to mammary gland function. In another simpler statistical approach, 10 the normalized data were subjected to a three-criteria selection protocol: one-way analysis of variance for probe sets with P , 0.0001 and better; linear regression of functional hearing data (ABR, DPOAE) versus gene expression (GeneChip data); and a high fold-change cutoff of above 2 or below -2. When the data, consisting of 22,262 probe sets, were analyzed according to this protocol, it was found that 34 genes were upregulated and 26 were downregulated with age and hearing loss, as shown in Venn diagram (Figure 1 ).
Present analysis
In the present study, global analysis of covariance indicated that the overall gene-expression profile is associated with the hearing status using two groups (hearing versus nonhearing). Thus, a binary grouping was used to detect global differences in gene expression adjusted for subject variables. A two-step approach (PLS and RF) determined that microarray data were not redundant in predicting hearing status. Combining these two data analysis tools was quite effective. The first component extracted from PLS was ranked next to age and was better than subject characteristic predictors. After this finding, RF alone was used to obtain the specific probe sets that performed equally well or better than age and other covariates in the context of prediction and classification. The approach yielded good prediction accuracy based on the mean error rate. It was successful in separating age and probe sets that best differentiate genes for which expression changed with agerelated hearing loss. Variable importance measures obtained from RF classification provided a ranked set of predictors (probes and covariates). Neurobiologically speaking, it was interesting that none of the DPOAE measures made the top list. Given that DPOAEs measure outer hair cell function, this suggests that the gene expression changes with age and hearing loss are probably occurring in cochlear sensory cells other than the outer hair cells, such as inner hair cells, spiral ganglion neurons, or cells of the stria vascularis or spiral ligament. This is a possibility, because the mouse cochlear tissue samples of the present investigation included cells from all of these areas.
The gene-based analysis moderated t-test identified 89 differentially expressed genes (adjusted for P , 0.01), of which four are common to all statistical methods used for these data. These four genes are involved in tumor formation, inflammation processes, autoimmune disease, and cytokine production (immune response). Ctss is a lysosomal cysteine endoprotease which fosters antigen presentation. It plays an important role in the regulation of major histocompatibility complex II expression, a biological process which apparently is upregulated during presbycusis (gene ontology analysis). This shows evidence of inflammatory immune pathway activation that occurs in the cochlea with age and hearing loss. Csnk was highly upregulated. It is involved in mammary gland functioning and may not be directly involved in hearing loss. This change might be explained as reflecting some degenerative process in the inner ear in older female mice with lower levels of estrogen and progesterone. Mpeg1 is found at high levels in malignant progression of tumors. Clecsf12 is a C-type lectin receptor. It is selectively expressed in dendritic cells of the immune system (a set of genes identified by the sigPathway method). However, it should also be considered that the immune-related pathways implicated in the present study may reflect only responses to cell death in old mice, rather than being the fundamental cause.
Real-time PCR analyses confirmed the gene expression levels (Figure 2) found using the microarray screen. Analysis of expression of individual genes and gene sets, and of pathways that were upregulated or downregulated in the old mild and severe presbycusis subject groups led to several new conclusions. For example, the hearing loss accompanying aging is likely to be related to B lymphocyte increases in IgV8 and a decrease in cyclin D2 associated with the cell cycle and cytokinesis.
Our findings point to coordinated sets of genes and pathways that are linked to presbycusis. The RF analysis identified the B lymphocyte pathway as being important in age-related hearing loss. 
Dovepress
Several previous studies of presbycusis are consistent with the present investigation. Hearing loss has been linked to a condition known as autoimmune sensorineural hearing loss. The organ of Corti is the crucial tiny structure inside the inner ear containing the ultrasensitive hair cells which respond to vibrations by creating movement and sending neural signals to the brain, eventually interpreted as sounds such as speech. With age, the immune system can damage the organ of Corti, including the hair cells, and diminishing or destroying auditory function. This immune-related damage has been implicated in other neurodegenerative diseases of aging, and may be an inevitable part of the mammalian aging process itself. For example, Alzheimer's disease, atherosclerosis, and type II diabetes, have been linked to agerelated autoimmune diseases. 31 Previous studies have also demonstrated that the immune system attacks the inner ear. In humans, autoimmune damage to the inner ear is suspected to be a cause of rapidly progressing hearing loss. 32 The gene set analysis in this study confirms the important role of immune system function in the pathogenesis of presbycusis.
Moreover, the loss of hair cells is a common etiology for hearing loss in older people. Damage to these hair cells cannot be repaired, and loss of these sensory cells causes permanent hearing loss or deafness in mammals because, unlike birds and lower vertebrates, mammalian hair cells are generated only during embryogenesis.
The present study also found that certain aspects of presbycusis are related to the epithelial-to-mesenchymal transition pathway. The EMT_UP pathway (one of the top six pathways with PathwayRF) is associated with inner ear hair cell development. When cells undergo an epithelial-tomesenchymal transition, they differentiate in a mesenchymal form and supporting cells can increase in number via mitotic proliferation. Some of the cells will begin to express hair cell-specific markers, but the cells will not develop definitive hair cell morphology. If these cells are forced to undergo a mesenchymal-to-epithelial transition, spheres that include both hair cells (expression of a hair cell marker, myosin VIIa) and supporting cells will be produced. 33 The gene Bcl2a1a was not in any of the gene set categories used. However, it is upregulated and related to apoptosis with the biological process ontology. It is evident that apoptosis is involved in deafness, and especially in presbycusis of cochlear origin. 13 A supervised learning approach gave an error rate estimate of the classification after cross-validation and determined the usefulness of gene expression. Additionally in order to extract the most informative genes and covariates explicitly, the RF method alone was applied.
On the basis of the results, real-time PCR assays for a range of cDNA in organ of Corti-expressed genes were used to validate data from the microarrays (Figure 2 ). We found that presbycusis specifically downregulates cyclin D2 in middle-aged mice with good hearing when compared with young control mice with good hearing. Furthermore, presbycusis upregulated a wide array of genes (Ctss, Clecsf12, Csnk, and Lysozyme) in mice with mild and severe presbycusis. A major finding is that a key pathway not previously implicated in age-related hearing loss, ie, the B lymphocyte pathway, may play an important role in presbycusis.
Although promoter GXP was not the focus of the present investigation, a preliminary promoter sequence analysis was initiated to spur future investigations. The prediction of the same GXP promoter module in all four of the top genes identified in the present investigation (Ctss, Csnk, Mpeg1, and Clecsf12 ) was discovered, and analyzed using Genomatix (ElDorado). In addition, further study of the predicted transcription factor module of MYOD_VTBP_01 in the Ctss gene and transcription factor module MYOD_SRFF_01 in the Csnk gene would be an interesting approach to help identify potential regulatory pathways linked to the progression of presbycusis.
Conclusion
In this gene expression study, we determined the predictive value of gene expression in addition to gender and hearing measurements. Using a novel classification approach, the most important probes that predict hearing loss besides age were identified. The CBA mouse model utilized here has proven to be very useful for examining the neural and molecular bases of presbycusis, given that this mouse strain exhibits a slow, progressive hearing loss relatively late in life, which is similar to most humans, when one corrects for the different absolute lifespan of mice and humans. The results showed that gene expression alterations were linked to age and hearing loss in the mouse cochlea. Limma analysis identified 89 genes, of which 33 are potentially interesting genes that changed expression in conjunction with presbycusis, based on large moderated t statistics and high fold-changes (Figure 4 ). It included one gene discovered in a previous single gene analysis and five genes (from a set of 10) from a previous study of a gene set from the same high-throughput data set. However, ranking the genes by a univariate test statistic ignores the dependence among genes and geneto-gene interactions. This report demonstrates the value of 
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Upregulated genes in age-related hearing loss interpreting the gene expression changes within the context of molecular signaling and regulatory pathways to explain the biological mechanisms underlying presbycusis. To ensure that different possible important pathways were identified, three different tools were used to maximize information on the biological relevance. The findings indicated that multiple pathways might have a significant role in presbycusis, including the immune system, dendritic antigen-presenting cells, carbohydrate metabolism, epithelial-to-mesenchymal transition, complement and coagulation cascades, chemokines, and G-protein coupled receptor binding. Although the most interesting genes and the top pathways identified had known biological significance, there were a few top genes not included in the existing annotation databases. Promoter analysis by Genomatix revealed an interesting promoter, GXP, which is present in all four top genes reported here as significantly changing their expression in age-related hearing loss. Our findings allow uncovering of novel cross-linking pathways, or genes that were not found by prior studies, including those with previously unknown branching in the gene networks. 
